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Abstract

Ink absorption performance in inkjet receptive coatings containing
synthetic zeolite pigments was studied. Coating pigment pore and particle size
distribution are the key parameters that influence in modifying media surface
properties, thus affecting the rate of ink penetration and drying time (Schölkopf,
et al. 2004). The primary objective of this study was: (1) to investigate the
synthetic zeolite pigment effects on inkjet ink absorption, dynamic contact angle
and printability, and (2) to evaluate these novel synthetic zeolite pigments in
replacing the fumed silica pigments in conventional inkjet receptive coatings.
In this research study, single pigment coating formulations (in equal P:B
ratio) were prepared using microporous synthetic zeolite pigments (5A,
Organophilic and 13X) and polyvinyl alcohol (PVOH) binder. The laboratorycoated samples were characterized for absorption, air permeance, roughness,
drying time, wettability and print fidelity.
Based on the rheological data, it was found that the synthetic zeolite
formulated coatings depicted a Newtonian flow behavior at low shear; while the
industry accepted fumed silica based coatings displayed a characteristically high
pseudoplastic flow behavior. Our coated samples generated using microporous
synthetic zeolite pigments produced low absorption, reduced wettability and
accelerated ink drying characteristics. These characteristics were caused due to
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the synthetic zeolite pigments, which resulted in relatively closed surface
structure coated samples. The research suggested that no single selected
synthetic zeolite coating performed better than the conventional fumed silica
based coatings. Experimental data also showed that there was no apparent
relationship between synthetic zeolite pigment pore sizes and inkjet ink
absorption.
For future research, above coated samples should be evaluated for pore
size distribution using Mercury Porosimeter, which quantifies surface porosity of
coated samples. This presented approach can be easily used for investigating
other such microporous coating pigments in formulating inkjet receptive coating.
The research findings will benefit the coating formulators, engineers and material
science students, in understanding the absorption characteristics of selected
synthetic zeolite pigments thereby encouraging them in identifying other such
alternative pigments in conventional inkjet receptive coatings.
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Chapter 1
Introduction

Inkjet technology has undergone rapid development during the last two
decades, now making it possible to print on almost all substrates. Despite these
technological advancements, ink drying remains one of the crucial challenges
faced by the technology. Ink drying can be controlled by altering ink properties
(viscosity and surface tension), and to a greater extent by modifying media
surface properties (absorption, porosity and surface energy) (Lee, et al. 2002).
Present aqueous inkjet inks low viscosity (2-5cP) and surface tension (30-40
dyne/cm) characteristics (Svanholm, E. 2007) put excessive demand on the
coating formulators to tailor coating absorption properties (Schölkopf, et al.
2004). Coating pigments with porous surface structure absorb ink into their
porous networks at a much faster rate (Ridgeway, et al. 2004) resulting in faster
drying (Johnson, H. 2004) and instant immobilization of colorants onto the
surfaces.
Silica based pigments have been preferably used in inkjet receptive
coatings due to their high internal porosity and large surface area characteristics.
These coatings however show some practical drawback, apart from their inherent
properties. For example, their super-viscous nature, high affinity towards water
and runnability at only lower solids, pose several limitations to the use of silica
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based coatings. Alternative pigments, such as ground calcium carbonate (GCC)
with special surface structure modifications (Ridgeway, et al. 2004) and high
performance-purified natural zeolite pigment (Clinoptilolite) (U.S. Patent No.
6,679,973 B2) have been successfully used in papermaking. Microporous
synthetic zeolite pigments were investigated as potential alternatives to present
fumed silica pigment in inkjet receptive coatings.
Synthetic zeolite pigments dues to their high purity and uniform pore size
distribution in comparison to its natural form (Clinoptilolite) were investigated as
novel pigments for inkjet receptive coatings. Single pigment synthetic zeolite
coatings were prepared with polyvinyl alcohol (PVOH) binder, with no additives
added. The flow behavior properties of these formulated coatings were compared
with reference fumed silica based coatings. Further the absorption, dynamic
contact angle and printability properties of synthetic zeolite laboratory-coated
samples were characterized and compared with the reference fumed silica
coated samples and the selected commercial inkjet grade. Microscopic surface
images were also taken to examine the surface topologies of these laboratorycoated test samples.
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Chapter 2
Background

2.1 Inkjet technology
Inkjet is a dynamic non-impact digital printing process, in which ink
droplets are ejected directly onto a substrate from a jet device to form an image.
Every image (text or illustration) is re-generated even when the images to be
printed are the same ones. Today, majority of color printers used in offices and
homes are inkjet printers (Svanholm, E. 2007). Being the only non-impact digital
printing process makes it most ideal for printing on a wide variety of substrates
(Lindqvist, et al, 2003); thus, becoming the fastest growing printing industry with
increasing uses in industrial printing and package printing industry.

2.2 Ink-media dynamic interactions
Ink and media (surface structure) properties have a significant effect on
ink drying, adhesion and print quality. In particular, media absorption properties
(porosity, contact angle, roughness) have found to contribute to a great extent
and directly control the ink drying (Lee, et al. 2002).
Ink-media interaction play a vital role in producing superior quality and
long lasting images regardless of the printer application. Surface characteristics
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of the paper and the type of bonding that occurs between the ink and the media,
determines the drying time and the fixing strength of the image.

2.2.1 Surface characteristics
The rate of ink penetration/absorption has a large effect on final optical
density, drying and ink setting; which is explained by the Lucas Washburn
equation 2.1 of the capillary flow:

I

2

=

yr (cos θ )t
4ν

(2.1)

where, I is the depth of ink penetration, r is the pore radius, t is the time, y is the
surface tension, θ is the contact angle, and v is the viscosity of the ink. With a
fixed ink properties (viscosity and surface tension), the pore size (radius)
becomes the driving parameters that influences and controls rate of ink
penetration and drying speed (Schölkopf, et al. 2004). These pores are created
by the interconnected networks formed by the pigment pore sizes and their
particle distribution in the coating binder.
The ability of a liquid to wet with respect to a solid surface is characterized
by measuring the contact angle created between the liquid and the solid surface.
This contact angle (θ) itself is a function of the interfacial interactions between
tension of the liquid, surface vapor and, the liquid vapor interfaces (Figure 2.1).
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Figure 2.1 Contact angle for a liquid
where θ is the contact angle,

is the solid /liquid interfacial free energy,

the solid surface free energy, and

is

is the liquid surface free energy. A contact

angle close to 0° indicates that the substrate is readily wetted by the liquid,
whereas an angle greater than 90° shows substrates resistan ce to wetting.
According to Young’s equation 2.2, the spreading of the liquid through the
surface tension involved is used to evaluate the development of the contact
angle.

γ

sv

sl

lv

= γ + γ cos θ

(2.2)

Surface roughness has a continuous effect on contact angle and
wettability as it increases the actual area of contact between the solid and liquid;
thereby increasing the unwetted solid per unit geometric area. Wenzel’s modified
Young’s equation taking into account this roughness factor (r), which is as
illustrated in equation 2.3.
sv

sl

lv

r (γ − γ ) = γ cos θ
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(2.3)

where, roughness factor (r) is defined as the real area of the solid divided by the
geometric area described by the boundary of the solid. Therefore, surface
roughness reduces the contact angle further if the angle is less than 90°, and
increases the contact angle if this angle is greater than 90° (Packham, D, 2005).
According to Schölkopf, et al., surface characteristics (surface network, pore
structure and roughness) are the main steering parameters for improving
absorption and ink drying speeds.

2.2.2 Ink-media bonding forces
Depending on the type of paper (plain or coated) various bonding forces
control ink-paper interactions. In plain or uncoated papers, hydrogen bonds and
van der Waals forces are responsible for the interactions between the colorant
and the cellulose. This intermolecular hydrogen bonding is due to the strong
interaction of the hydrogen attached to one atom (such as O, N, C) (in our case
hydrogen of the hydroxyl group on the cellobiose unit of the cellulose structure)
by a polar covalent bond with an adjacent atom of high electro-negativity (such
as O, N, and halogens). The van der Waals forces between the media and the
anionic colorant are significantly weak when the interaction groups are far apart;
which gradually become stronger as the colorant penetrates into the base paper
(Klass, C., Joyce, M. 2003).
The ink-paper interactions in coated papers occur somewhat differently.
The selection of the ink formulation and the coating will have significant effects

6

on the ink absorption rate, image quality, and water/light fastness properties.
Electrostatic forces or ionic interactions play a vital role in coated papers in
determining the print quality and other print related properties. The electrostatic
forces occur due to the columbic attraction between the cationic groups on the
media, such as Ti+3, Al+3, and Ca+2 and the anionic groups on the colorants.
These forces are much stronger than the hydrogen bonds and van der Waals
interactions, which cause an effective immobilization of the colorant molecule in
the vicinity where it was printed, resulting in excellent print quality (Klass, C.,
Joyce, M. 2003).

2.3 Inkjet media requirements
Due to the wide range of inks available and the versatility of the
technology, almost all substrates can be imaged using the inkjet technology.
Paper has proven to be the most commonly used media in the graphic arts
industry with the high quality printing typically occurring on coated grades. In
order to produce a high quality image when the ink is fixed to the paper surface,
the paper must exhibit unique properties. The paper should absorb the inkjet
droplets quickly in order to eliminate image smearing and multiple drop splatter.
The paper should prevent the ink droplets from spreading in all direction in order
to maintain sharp edges, improved print contrast and image fidelity. In addition to
this, the colorant should be deposited close to the paper surface to maximize
color optical densities and contrast with minimum show through.
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Inkjet inks are negatively (anionic) charged, as is the surface of an
uncoated paper. Due to the similarity in charges, there is hardly any ionic
interaction between the ink and paper, which may lead to difficulties in the
printing process such as curling, cockle and slow drying. To overcome these
challenges, the ink colorant needs to be immobilized quickly onto the imaged
area of paper surface, followed by separating it from the ink carrier (McManus, et
al. 1983). If the ink is absorbed into the paper sheet too rapidly or gradually, it
can lead to poor optical density and strike-through or bleeding, edge raggedness
and line broadening problems. Nevertheless, these problems can be eliminated
by

manipulating

and

controlling

the

paper

porosity

and

absorbency

characteristics, by successfully employing the sizing agents or cationic ink
receptive coatings (Bares, S. 1991).
Base papers coated with porous pigments have found to work for inkjet
printing, as they rapidly absorb ink droplets with little spreading, wicking or dye
penetration (Schölkopf, et al, 2004). Typical inkjet coatings include materials
such as silica, calcium carbonate, clay, alumina trihydrate, titanium dioxide, and
various polymeric binders (Beckley et al. 2005).
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2.4 Inkjet receptive coatings

2.4.1 Classification
Inkjet receptive coatings are broadly categorized as swellable and
microporous. Swellable coatings are nonporous in nature, made with organic
polymers that expand and encapsulate ink after it strikes the paper. These
coating have found to increase brightness by keeping the colorants from
spreading, while protecting the image from atmospheric pollutants. These papers
are mostly used when printing with dye-based inks (Johnson, H. 2004).
The second category, microporous coatings were developed for rapid ink
uptake since swellable coatings had the disadvantage of slow ink drying, loss of
gloss, and curling after printing. These microporous coatings contain small
inorganic particles dispersed in a synthetic binder such as polyvinyl acetate or
polyvinyl alcohol (PVOH) (Kasahara, K. 1998) that create holes in the coating.
The ink absorbed into these pores results in faster drying and prevents the ink
from smearing. These papers offer good image quality and can have a glossy or
matte finish. They are best used when printing with pigment-based inks
(Johnson, H. 2004).
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2.4.2 Coating components
Inkjet receptive aqueous coatings consist of three main ingredients:
pigment, binder and additives, which together give the paper a fairly uniform
surface and printability characteristics to obtain superior printing.

2.4.2.1 Pigments
Pigments are the main ingredients in a coating composition used for
improving appearance, optical properties and printability; and typically account
for 80-95% of the total dry coating weight or, as a volume fraction, 70-80% of the
solid material of the coating (Holik, H. 2006). Common used pigments for
coatings include clay (kaolin), calcium carbonate, titanium dioxide and alumina
trihydrate (Lehtinen, 2000). These conventional pigments are useful for
manufacturing of conventional printing and writing papers, usually printed using
offset lithography, gravure, flexography and electrostatic printing technology.
Another such pigment is silica (SiO2) which was preferably used since
1960’s due to its high internal porosity and large surface area (Morea-Swift, G.,
Jones, H., 2000). Paper coated with silica-based coatings proved to deliver
image quality requirements using water-based inkjet inks. Unfortunately, this use
of silica (gel, precipitated, fumed and colloidal) has several limitations that
confine their use for inkjet coatings (Klass, C., Joyce, M. 2003). The internal
porosity of silica and great affinity towards water limit its runnability at 20% solids
and pose production problems and high operation/manufacturing costs as they
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must be coated at relatively slow speeds generally on off-machine coaters. High
apparent viscosities and difficulty in flow at 15-20% solids require additional
thinning dispersants for increasing their concentrations, thereby increasing the
cost. Due to the high water absorption feature of silica due to high pore volume,
paste formation occurs when water is added until all the voids are filled, which
demanded extra energy during drying (Londo, M. 2000). Another such pigment is
calcium carbonate that dries similar to silica and therefore is still sparingly used
for inkjet coatings. The calcium carbonate’s abrasive nature also results in poor
coater runnability.

2.4.2.2 Binders
Primary function of a coating binder is to bind the coating pigments
together, and to anchor the coating to the substrate. Typical binders used in
paper coatings include, starches, proteins, cellulose derivatives (carboxy methyl
cellulose - CMC), polyvinyl alcohol (PVOH), polyvinyl acetate (PVA), styrene
butadiene rubber (SBR) and insoluble latexes (Holik, H. 2006). Water-soluble
binders, such as starches and PVOH have better water retention and rheological
(pseudoplastic and thixotropic) properties than the water insoluble latexes. These
starches and latexes however, due to their weak binding strengths, create
dusting problem (Hladnik, A., Muck, T., 2002) and interfere with ink absorption
properties resulting in poor print quality (Holik, H. 2006).
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Polyvinyl alcohol’s high binding strength and strong film forming property
have resulted in its acceptance as the most efficient binder for inkjet receptive
coatings (Boylan, J. 1997). This PVOH is primarily characterized by its molecular
mass and degree of hydrolysis (the degree to which the polyvinyl acetate is
converted to polyvinyl alcohol) (Holik, H. 2006). The molecular mass plays a vital
role in determining the coating rheology and the binding power, whereas the
printability and optical density are controlled by the degree of hydrolysis; thus
resulting in superior binding strength and enhanced color gamut (Hentzschel, P.
2002; Svanholm, E., Strom, G., 2004). Low molecular weight and partially
hydrolyzed

polyvinyl

alcohols have

been

preferred for inkjet

coatings

(Schliesman, et al. 2003).

2.4.2.3 Additives
Additives play an important role in the paper coatings and are mainly used
to enhance optical properties, color and printability characteristics. Some
commonly used additives for inkjet coated paper include optical brightening
agents (OBA), rheology modifiers and colorant fixatives. These optical
brightening agents assist in improving brightness of the coating; rheology
modifiers impart low and high shear viscosity properties; whereas colorant
fixatives, such as poly-dimethyl-diallyl ammonium chloride (DMDAAC) and AMP
(2-amino 2-methyl 2-proponol) help in attracting and fixing the anionic colorant to
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the coating surface (Klass, C., Joyce, M. 2003). These cationic dispersants are
commonly used in small parts (2 to 5 percent) in inkjet receptive coatings.

2.4.3 Coating methods
Once the coating formulation comprising of a porous pigment, binder, and
additives, perform satisfactory on the laboratory bench coater and meets the
desired rheological requirements (flow properties and stability), it is taken to the
pilot coater and further onto the on or off-machine coaters upon satisfaction.
There are many coating techniques available for coating such as bar, dip-roll,
blade, short dwell; however, the air-knife and roll coaters are the most commonly
used methods for inkjet applications (Svanholm, E. 2007).

2.5 Prior work motivating this thesis
Substantial studies were carried out in the past to understand the factors
controlling ink drying and printability (Donigian, et al. 1996; Schölkopf, et al.
2004). These studies suggested that the surface porosity and pigment surface
area are the main steering parameters that control ink drying.
Since, these early assertions, silica based coatings proved to deliver
image quality requirements and improved surface finish for printing (Schliesman,
et al. 2003). However, challenges (poor rheology and recommended low solids)
faced by existing silica based coatings, created a need for the development
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and/or invention of newer substitutes which could overcome the present
challenges while improving the image print quality.
Ridgeway, et al., modified ground calcium carbonate (GCC) surface
structure and observed these pigment structures to display improved ink spread
and absorption properties. Likewise, Klass, et al., examined the performance of
natural zeolite (Clinoptilolite) in digital and inkjet printing paper. They observed
and disclosed its usage as a supplementary pigment to improve properties of
coated papers. The inherent non-uniformity and lower brightness of these natural
zeolite pigments restricted its commercial acceptance to US paper markets. The
high purity, uniform pore-size distribution and better ion-exchange properties of
synthetic zeolites suggested a need for investigating such pigments as a
potential substitute in silica based inkjet coatings. This motivated us to examine
synthetic zeolite pigment effects on absorption, dynamic contact angle and
printability.

2.6 Zeolites

2.6.1 Introduction
Zeolites are crystalline, hydrated porous aluminosilicates or silicapolymorph based materials of the alkali or alkaline earth metals known as
“molecular sieves”. During their discovery in 1756, Swedish mineralogist Baron
Cronstedt discovered that when gently heated these minerals (Stilbite) gave
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away inherent water vapor, therefore, naming these type of minerals as zeolites
(Greek words; zeo -boil and lithos - stones) (Occelli, M., & Robson, H. 1989).
“Zeolite framework” generally refer to corner-sharing TO4 (T = Si and Al)
interlocking tetrahedral coordinated atoms, forming a three-dimensional fourconnected framework with uniformly sized pores of molecular dimensions (Xu, et
al. 2007). They are made up of several structural building units such as Primary
Building Units (PBU’s), Secondary Building Units (SBU’s) and others (Xu, et al.
2007). The empirical formula of an aluminosilicates zeolite can be expressed as
Ax/n[Si1-xAlxO2]·mH2O, where A is a metal cation of valence n.

2.6.2 Classification
Depending on the source of origin these compounds can be classified as
natural and synthetic zeolites. Natural zeolite deposits are generated from the
hydrothermal reactions involved between the alkaline solutions and the basaltic
lava flows (Xu, et al. 2007). They were first discovered in cavities and vugs of
basalts; however, by the end of 19th century they were also found in the
sedimentary rocks. Among the natural zeolites discovered around the world,
some of them in large quantities are clinoptilolite, analcime, heulandite, natrolite,
thomsonite, stilbite and laumontite.
Natural zeolites exhibit non-uniform properties because mineral ores
obtained from one location vary with any other, making them difficult to work with
in paper making applications. Additionally, the zeolites display a low brightness
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restricting their application in the coated inkjet papers where high brightness is
desired. Nevertheless, the easy excavation of natural zeolites lead to their lower
manufacturing cost and lower prices because of their location near the surface of
the earth; thereby increasing their usage in the field of drying, hard water
softening, adsorption and separation of liquids and gases; especially in the fields
of agriculture and environmental protection. However, it was only during the 19th
century, when the microporous properties of these natural zeolites along with the
adsorption and ion exchange properties were gradually recognized.
There is another category of zeolites: synthetic zeolites besides the
natural ores, which were synthesized because of the incapability of the natural
zeolites to meet the huge demands of industry. Zeolite syntheses were first
conducted at the end of the 19th century through mimicking the geothermal (hightemperature hydrothermal reactions) conditions for natural zeolite formation (Xu,
et al. 2007).

These synthetic zeolites are very pure with uniform pore size and

better ion-exchange abilities making them advantageous in the areas where high
quality is required. They can also be manufactured depending on the
requirements of the applications.
These porous compounds are further categorized based on their pore size
and shape, channel dimensionality and direction, and composition and features
of channel walls. Depending upon the aperture size of the pores, the zeolite
compounds are classified as; microporous with an aperture pore diameter less
than two nanometers (nm), mesoporous with an aperture pore diameter in
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between 2 and 50 nm, and macroporous with an aperture pore diameter greater
than 50nm respectively.

2.6.3 Useful characteristics of zeolites
These aluminosilicates zeolites constructed from TO4 (T = Si and Al)
tetrahedra posses an anionic framework with a positive charged cation which
resides within. When exposed to higher charged ions of a new element, these
zeolites, due to their ion exchange characteristics, exchange the lower charged
element contained within the zeolite for a higher charged element. Most zeolites
show an ability to absorb gases and vapors, due to the inherent vacant spaces
forming long wide channels of varying sizes providing a complex microporous
structure. The framework structure of dehydrated zeolite crystals demonstrates
uniform molecular size channels with low density and large void volume (Klass,
C., Joyce, M. 2003). However, additional to these characteristics; the high purity
and uniform size distribution of these microporous synthetic zeolite pigments
make them a potential alternative coating pigment investigated in this thesis.
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Chapter 3
Statement of Research

Synthetic zeolite pigments due to their high purity and uniform pore size
distribution in comparison to its natural form (Clinoptilolite) were investigated as
novel pigment for inkjet receptive coatings.
Synthetic zeolite pigment pore and particle size effects on inkjet ink
absorption, dynamic contact angle and printability properties were investigated
and compared with the formulated reference fumed silica based coatings and
selected commercial inkjet grade.
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Chapter 4
Methodology

4.1 Introduction
Synthetic zeolites pore and particle size effects on inkjet ink absorption,
dynamic contact angle and printability properties were examined. Single pigment
inkjet receptive coatings were formulated and evaluated for flow behavior. These
coatings were coated using laboratory metering rod to evaluate the absorption,
dynamic contact angle and printability properties and further compared them with
the reference inkjet formulated coated paper and selected commercial inkjet
coated paper.
The focus was to examine the selected three different synthetic zeolite
pigments listed in Table 4.1. The rheologies of four different polyvinyl alcohol
(PVOH) binders (Table 4.2) were examined to determine the best performing
binder for coating formulation study.
Table 4.1 Zeolite coating pigment specifications
Pigment Used

Pore Size

Particle Size

5A°

3-5µ

5.5/6 A°

3-5µ

10A°

2µ

NA

10µ

Molecular Sieves, 5A
Molecular Sieves, Organophilic
Molecular Sieves, 13X
Fumed Silica (Reference)
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Table 4.2 Coating components
Component

Samples used

Specifications

Manufacturer (Batch #)

Pigments:

5A

3-5 µ (Avg. par. size)

Sigma (08828AJ)

Molecular

Organophilic

3-5µ (Avg. par. size)

Sigma (74097PJ)

Sieves

13X

2µ (Avg. par. size)

Sigma (01129KD)

80 % hyd.

9,000 – 10,000 MW

Sigma (36598PJ)

87-89 % hyd.

13,000 – 23,000 MW

Sigma (1406750)

98 % hyd.

13,000 – 23,000 MW

Sigma (04904DJ)

99+ % hyd.

124,000 – 186,000 MW

Sigma (MKAA1368)

Water

Distilled water

-NA-

Binders:
Polyvinyl
Alcohol
Solvent

4.2 Coating component evaluation

4.2.1 Wet rheological characterization
Coating component wet rheological properties were characterized by
performing the viscosity, pH and percentage solids measurements. All
measurements were carried out in the Ink & Paper Coating Chemistry Laboratory
(IPCCL) and Printing Material Applications Laboratory (PMAL) located at RIT.

4.2.1.1 Viscosity measurement
The standard rotational rheometric technique was used to understand how
each coating concentration reacted at the applied shear. The Brookfield digital
viscometer (model LVDVI+) was used for this experiment. The viscous drag of
the sample fluid was measured in centipoises “cP” or in milli-Pascal-seconds “mPa.s” units. The displayed viscosity reading depends on the spindle rotation
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speed, size and shape. Spindles number 1, 2, 3 and 4 were used at 10, 20, 50
and 100 rpm speeds during the experiment.

4.2.1.2 pH measurement
The Fisher Scientific pH meter (model 50) was used to measure the pH of
the coating component mixtures.

4.2.1.3 Percentage solids measurement
Moisture evaporation test was carried out to measure coating component
percentage solids using Whatman low ash (#31) filter paper and a Fisher
Scientific Isotemp oven (model 625G). Approximately one gram of coating
sample was loaded on a weighed filter paper using a pipette. This filter paper
was then left in the oven at around 150 °C for 5 min , in order to evaporate the
water. The percentage solid content was calculated from the remaining residue
left on the filter paper.

4.2.2 Binder evaluation
Rheological experiments were carried out for binder evaluation in various
concentrations (Table 4.3). Using the variable hi-speed Caframo mixer (model
BDC3030) at 800 rpm, polyvinyl alcohol was dissolved in distilled water in each
concentration. This process was carried out while cooking the PVOH dispersion
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to about 65°C for 30 min, followed by cooling to get rid of any air bubbles
produced during stirring. This produced a stable clear binder solution.
Table 4.3 Binder rheology study concentrations for binder evaluation
Formula

Concentration

Binder (in gms)

Water (in gms)

Estimated %
Solids*

BA

10 parts

50

500

8.73

BB

20 parts

100

500

16.0

BC

30 parts

150

500

22.2

BD

40 parts

200

500

27.4

* Refer Appendix A for estimated percentage solids calculations
Rheology studies were conducted for each binder type (Table 4.3).
Viscosity, pH and percentage solids measurements were performed for all binder
concentrations. After analyzing these results, the best performance binder
concentration was chosen with Newtonian/Pseudoplastic flow behavior and a
slope less than ±0.01.

4.2.3 Pigment rheology study
Pigment rheology study experiments were carried out for synthetic zeolite
pigments in concentrations (Table 4.4) to determine pigment dispersion
properties. These concentrations were manually prepared by mixing the
measured pigment in distilled water at room temperature.
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Table 4.4 Pigment rheology study concentrations
Formula

Concentration

Pigment (in gms)

Water (in gms)

Estimated %
Solids*

PA

10 parts

3.5

35

5

PB

20 parts

7.0

35

10

PC

40 parts

14

35

20

PD

60 parts

21

35

30

PE

80 parts

28

35

40

PF

100 parts

35

35

50

* Refer Appendix A for estimated percentage solids calculations
Viscosity, pH and percentage solids measurements were performed for
each pigment concentrations.

4.3 Coating preparation
Equal pigments to binder ratio (1:1) coating formulations were prepared as
listed in Table 4.5. A pigment to binder (P:B) ratio is the ratio of pigment to binder
by dry weight. One coating formulation was created using fumed silica (10 µ
particle size) as the reference inkjet pigment (at high and low % solids) for
comparison purpose. Four types of coating formulations were prepared.
Viscosity, pH and percentage solids measurements were performed on each
coating formulation. A modified fumed silica based coating at lower make-down
solids (15%) was also formulated.
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Table 4.5 Coating formulations with equal (1:1) P:B ratio
Formulation

Pigment

87-89% par hyd

Water

Estimated

PVOH Binder

(in gms)

% Solids*

F1

6 gms of 5A

6 gms

25.1

32.4

F2

6 gms of Organophilic

6 gms

25.1

32.4

F3

6 gms of 13X

6 gms

25.1

32.4

F4

6 gms of Fumed Silica

6 gms

35.1

25.5

* Refer Appendix A for estimated percentage solids calculations

4.4 Laboratory coating drawdown preparation
A drawdown metering rod method was implemented for coat weight
application in grams per square meter (g/m2) using the prepared coating
formulations (Table 4.5). The drawdown metering rod is a stainless steel
metering rod used for coat-weight application based on coating percentage
solids. Depending on the number/type of winding used coat weight thickness can
be varied. In this experiment, metering rods #15, #18 and #30 (Diversified
Enterprises Inc.) were used to apply approx. 10 g/m2 of wet coat-weight
thickness. Commercially available uncoated 24 lb weight Text grade (Table 4.6)
in 6.56”X6.56” and 8.5”X12” (sample sizes); were used as the base paper for
coating application.
Coated sheets were oven dried for one minute in a Fisher Scientific
Isotemp oven (model 625G) at a temperature of 105°C. The coat weights for
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every coated sample were calculated in g/m2 using the formula listed in Appendix
A. Five coated samples for each formulation were created to ensure its
consistency and reliability.
Table 4.6 Base paper specifications
Manufacturer/Vendor

Office Max

Size

8.5”X11”

Grade

Uncoated

Brightness

96/108 US/EURO

Sheets per ream

500

4.5 Characterization of physical and printability properties
Single pigment coating formulation coated samples (Table 4.5), were
prepared and characterized using absorption, dynamic contact angle and
printability properties. Zeolite pigment pore and particle size effects on dynamic
rate of absorption, rate of change in contact angle, density and rate of change in
ink spread were investigated in this study. Dusting, being a frequent problem
found in paper coatings; rub resistance test was also implemented.

4.5.1 Absorption measurement
A Paprican Dynamic Absorption tester (model LBA92) located at PMAL at
RIT was used for conducting dynamic rate of absorption experiment. The tester
employed Bristow test method, measuring the amount of test fluid absorbed onto
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the surface of the paper under ASTM D5455 standard testing conditions
(http://www.astm.org/Standards/D5455.htm).
A 11.5”x1” strip of coated test specimen was affixed onto the Bristow
wheel (one meter circumference) using scotch tape. Thirty microliter of dye
based black inkjet ink (viscosity approx. 100mPa.s) was placed in the fluid
chamber. With the initiation of the rotation cycle, the placed ink was brought into
contact and transferred onto the rotating test specimen surface under defined
pressure. The amount of liquid absorbed per unit area was calculated from the
original volume of fluid place in the chamber, and the width and length of the fluid
band created using the absorption rate formula described in Appendix A. Three
sample strips for each formulation were tested and results were averaged to
ensure its consistency and reliability. This experiment determines the relationship
of zeolite pigments on absorption rate and drying time.
Air permeability measurements were conducted using Parker Print Surf
(PPS) tester (serial no. 8919) located at PMAL at RIT. The PPS meter performed
air permeability measurement according to the TAPPI T555 testing standard
(http://www.tappi.org/Bookstore/Standards--TIPs/Standards/Paper-andPaperboard/Roughness-of-Paper-and-Paperboard-Print-Surf-Method-TestMethod-T-555-om-04.aspx), wherein measuring and converting the samples
resistance to airflow to mean air permeance value in mL/min. The tester was
calibrated by adjusting the 1-4 test settings (located on the tester) to 1000±1
using a micro-screw. The test samples were clamped in between the precision
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measuring head and a rubber backing assembly under a clamping pressure of 10
kilogram-force (KGF). The displayed air permeability reading indicated the
openness/closeness of the coated test sample. Higher permeability reading
corresponds to openness of the tested sample.

4.5.2 Dynamic contact angle measurement
Dynamic contact angle measurements for the coated test samples were
conducted using the Ramé-hart standard goniometer (model 250F1) located at
IPCCL at RIT. The DROPimage advanced program version v2.4 was used by the
goniometer for determining the contact angle.
The goniometer was calibrated using a 4mm “Sphere” calibration tool.
Contact angle of distilled water with respect to the coated samples was
measured by pipetting one drop of approximately 10 microliters (µL) using the
standard contact angle measurement procedure given in the user guide. The
coated test samples were placed on the measuring stage and dynamic contact
angle measurement were performed to determine the time-dependency of the
droplet contact angle against the tested samples. The liquid phase and solid
surface were selected in the contact angle tool dropdown boxes menu to distilled
water and paper. Using the multi-frame time capture function available in the
contact angle options window, multiple images were captured, thus determining
the dynamic contact angle variability of droplet against the considered coated
samples. Short Time Span (STS) dynamic contact angle measurement was
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conducted over five second time interval, giving a capture rate of 1/4th second
per frame. Three measurements were performed to ensure its consistency and
reliability.

4.5.3 Printability measurement
Ink density and rate of change in ink spread are important printability
properties that need to be monitored and controlled on a coated paper. An X-Rite
densitometer (model 418) located at PMAL at RIT was used for ink density
measurement. X-Rite 418 densitometer was used at a “Status T” wide band
reflection densitometer response setting. It was calibrated using the supplied
(model 418) color reflection reference card. The black color ink band created on
absorption samples were used for ink density measurements.
The rate of change in ink spread on coated samples was measured using
a developed ink-drop test method. A four microliter (µL) drop using Kodak
Photographic Cyan Dye (serial # KP 57649B) ink was created on the coated
samples. Using the OptixCam digital camera model Summit Series, calibrated
OCView software version 2009.VV.1.1, and a Fisher Scientific microscope model
Steromaster; droplet spread images were captured from the time the drop made
contact with the coated sample surface. A four microliter drop created an initial
dot area of approximately 23,000 pixels2. The count and gap time interval
capture settings were set to fifty count and one second per frame. Using the
circle tool in the Open>Edit menu of “OCView”, window dot area was measured.
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4.5.4 Dusting measurement
Dusting is a frequent problem observed in paper coatings and occurs
when the coating pigments are not adequately bound to one another or to the
base paper surface. Insufficient binder ratio in coating formulation is one of the
causes for this problem; resulting in easy removal of the pigment particles from
the coated sheet surface when rubbed, folded, slit or die cut (Klass & Joyce,
2003 and Jokioinen, 2003). For determining the degree of dusting, Sutherland ink
rub tester (serial no. R-2036) was used located at PMAL at RIT. This tester
operates

using

the

ASTM

D5264

standard

(http://www.astm.org/Standards/D5264.htm). The test was set to conduct 44
strokes per minute using a D-5181 receptor A-4 backing attached to a two pound
(0.91 kg) dead weight on the test samples. Brightness and color L*, a*, b* values
were measured on the receptor A-4 backing (face-side) using the ISO brightness
meter located at PMAL at RIT. From these color L*, a* and b* values color
difference (∆E) was determined; followed by rating the samples on a scale of one
to five (dusting index value), where one is associated with no significant visible
dust with ∆E<5.0 and five with extreme visible dust with ∆E>20.
For benchmarking coating formulations against a commercial inkjet coated
paper, Epson*3 Matte Presentation inkjet coated paper (27 lb 4.9 mil, serial #
S041062) was tested for absorption, dynamic contact angle, printability and
dusting properties. In additional to these test measurements, microscopic surface
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images were also taken to examine the surface topologies of all laboratory
coated samples along with the selected commercial inkjet coated paper.

4.6 Data analysis
The test measurement results were analyzed using the simple statistical
method tools such as arithmetic mean, ∆E (error between expected and
achieved percentage solids), coefficient of determinations “R2” and ANOVA’s
General Linear Model (GLM) (in Mini-Tab); to determine a relationship between
zeolite pigment pore and particle size on absorption, dynamic contact angle and
printability properties. A minimum statistical sample set depending on the
available test samples was used for statistical data analysis.

4.7 Experimental limitations
Coating rheological study was conducted using the Brookfield low shear
digital viscometer with a maximum shear rate of 100 rpm. However, on mill
coaters, coatings are applied at much higher speeds (2,000 fpm) than those
considered. It would be interesting to observe the coating flow behavior on high
shear rheometer such as Hercules High Shear Rheometer.
Metering rod method used for drawdown preparation is not accurate and
is prone to considerable variability. Therefore, it would be interesting to observe
how these coatings perform on a laboratory bench coater, which produces
coated samples with significantly less variability close to a pilot/mill coater.
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Chapter 5
Results & Discussions

5.1 Introduction
Single pigment coated sample absorption, dynamic contact angle
and printability properties are summarized in this section. Additional to these
results, the wet rheological properties for optimum binder evaluation as well as
for single pigment formulated coatings are also discussed.

5.2 The impact of PVOH on binder solution rheological properties and
selection of optimum PVOH binder for coating formulation study
Figure 5.1 in Appendix B (page 56), illustrates the viscosity results for
different polyvinyl alcohol (PVOH) binder types studied. Evaluating this data it
was observed that, apparent viscosity increases significantly with increase in
degree of hydrolysis, with increase in molecular weight, and with an increase in
binder concentration. For high molecular weight PVOH binder, an increase in
binder concentration resulted in entanglement of molecule chains; thereby
causing an increase in measured apparent viscosity. These binder results
reaffirm that higher concentration as well as higher molecular weights lead to an
increase in binder viscosity (Lehtinen, E. 2000).
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Low molecular weight and partially hydrolyzed PVOH binders have been
preferred in coating color formulations (Schliesman et al. 2003). Typical silica
based coatings are run at 200-600cP viscosity on the air knife coater and at 2006000cP on a rod/blade coater (Boylan, J. 1997). After formulating some equal
(1:1) pigment to binder ratio test coatings using zeolite pigments the researcher
decided to shortlist binder solutions with a target viscosity of 500-1000cP. This
target viscosity binder when formulated with zeolite pigments (in 1:1 ratio),
resulted in a coating viscosities in the desired range (200-1600cP).
Table 5.2 Summary of PVOH binder rheology
properties that fall within the target range
Binder
80% partially
hydrolyzed PVOH
87-89% partially
hydrolyzed PVOH
98% fully
hydrolyzed PVOH

Concentration

Viscosity at 100
RPM

Slope

R2 value

40 parts

580.80

0.0119

0.5181

30 parts

830.40

-0.0060

0.8435

30 parts

846.00

-0.1469

0.9886

Figure 5.2 shows the binder concentrations with target viscosity in
between 500-1000cP with respective slope and coefficient of determination (R2)
values. Based on the slope values, it was seen that 87-89% partially hydrolyzed
PVOH binder at 30 parts concentration best described a Newtonian flow behavior
with a slope of -0.0060 in comparison to the other binders. Based on these
rheological observations, 87-89% partially hydrolyzed PVOH binder (13,00023,000 MW) at 30 parts concentration was selected as the optimum binder for
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coating formulation study (Table 4.5). Due to the inherent acidic nature of PVOH,
prepared binder solutions displayed their pH values within the range of 6.15±0.3.
This low acidic nature of PVOH binder helps in balancing the high alkaline nature
(pH above 9.00) of zeolite pigments to a slightly basic mixture (8.00-8.20), which
has better ink adhesion and improved ink drying properties.

Log (Viscosity)

3.00
y = -0.006x + 2.9308
2
R = 0.8435

2.95

2.90

2.85

2.80
0.75

1.00

1.25

1.50

1.75

2.00

2.25

Log (Shear Rate)

Figure 5.1 Relation between shear rate and viscosity for 30 part
(22.2% solids) concentration of 87-89% PVOH

5.3 The impact of synthetic zeolite pigments on pigment slurry rheological
properties
The viscosity flow curves as a function of shear rate, for the three different
synthetic zeolite pigment slurries at various concentrations are presented in
Figures 5.2-5.4. Notice that the 5A synthetic zeolite pigment displayed a mix
rheological behavior (Figure 5.2). It was interesting to observe that at higher
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concentration (above 80 parts), paste formation occurred for 5A slurry similar to
silica pigment. This flocculation of slurry pigments validates higher affinity of 5A
pigment towards water at higher concentrations.

Figure 5.2 Relation between flow behaviors for 5A slurry concentration
At low pigment concentration (10 and 20 parts) organophilic pigments
displayed a dilatent flow behavior (Figure 5.3). However, for higher slurry
concentration they displayed more of a pseudoplastic flow behavior (Figure 5.3).
This change in rheological behavior can be associated primarily with the interparticle bonding and secondary with pigment particle orientation. That is at lower
concentration (10 and 20 parts) loads, this dilatant flow behavior may be due to
an increase in inter-particle bonding. However with an increase in concentration
loads, these initially developed inter-particle bonds are broken down, followed by
particle orientation in the flow directed thus resulting in pseudoplastic flow
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behavior. No pigment flocculation occurred for organophilic pigment at higher
concentration slurries indicating its lack of affinity towards water.

Figure 5.3 Relation between flow behaviors for Organophilic slurry concentration

Figure 5.4 Relation between flow behaviors for 13X slurry concentration
The 13X synthetic zeolite pigment slurries displayed more of a dilatent
flow behavior with the linear increase in concentration parts. Flocculation
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occurred for concentrations higher than 60 parts indicating its high affinity
towards water.
Figure 5.5 shows pH as a function of slurry concentration for three
different zeolites. As synthetic zeolites are synthesized from alkali earth metals
they displayed an alkaline nature with pH above 8.5. Formulated paper coatings
are typically buffered to 8.00-8.20 pH range, as this pH range was found to be
optimum for better ink adhesion and faster ink drying.

Figure 5.5 Relation between pH and pigment slurry concentration
for different synthetic zeolite pigments
5.4 Single pigment coating formulation study
Silica based coatings require higher drying energy due to their relatively
lower workable solids or higher water content. Therefore, it was decided to
formulate the zeolite based coatings at higher make-down solids (32.4%) and
compare them with silica based coatings formulated at relatively low solids
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(25.5%). These higher solids zeolite based coatings thereby contained less water
(9.2%) than the silica based coatings, making high speed coating possible using
relatively less drying energy. Equal (1:1) pigment to binder ratio coatings using
synthetic zeolite pigment and additional one using fumed silica pigment were
prepared (Table 4.5).
Table 5.3 summarizes the rheological properties for the studied coating
formulations. The researcher observed that coatings formulated using synthetic
zeolite pigments produced significantly lower apparent viscosities with Newtonian
flow behavior (slope ±0.112) at lower shear rates. This Newtonian flow behavior
of zeolite based coatings (Figure 5.6) can be associated with the uniform
dispersion of zeolite pigments in coating mixtures, wherein zeolite particles orient
themselves in the direction of flow.
Table 5.3 Summary of rheological properties for
various coating formulations studied
Formulation

Pigment
Used

P:B
ratio

Viscosity at 100
RPM

Slope

R2
value

F1

5A

1:1

1578.00

-0.0563

0.9907

F2

Organophilic

1:1

901.20

-0.1118

0.9964

F3

13X

1:1

871.20

-0.0531

0.9890

F4

Fumed Silica

1:1

2790.00

-0.7121

0.9994

However, fumed silica based coatings displayed a characteristically high
pseudoplastic flow behavior with higher apparent viscosities. These results for
fumed silica based coatings (Table 5.3) reaffirmed the published values.
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Figure 5.6 Relation between flow behaviors for the three coating
formulations studied along with a reference coating formulation
Table 5.4 summarizes the pH nature of the formulated coatings. Synthetic
zeolite due to its alkaline nature exhibit pH above 7.00; whereas fumed silica
exhibit acidic nature. Table 5.4 and Figure 5.6 suggest that the low pH of fumed
silica based coatings was due to the high viscous nature of fumed silica
pigments. Typically, formulated silica based coatings (in paper mills) due to their
acidic nature are buffered with sodium hydroxide (NaOH) to raise the pH to 8.08.2. This acidic nature of silica based coatings again reaffirmed the published
values.
Table 5.4 Summary of pH values for equal (1:1) P: B ratio coating formulations
Formulation
F1
F3
F2
F4

Pigment Used
5A
Organophilic
13X
Fumed Silica

% Solids
32.4
32.4
32.4
25.5
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pH value
7.83
9.34
9.02
6.05

5.5 Laboratory coating drawdown study
Using the drawdown metering rod method, formulated coatings were
single side coated on the selected commercial available; uncoated 24 lb Text
grade. Five samples were coated on two different size (6.5”x6.5” and 8.5”x12”)
base paper. Three different metering rods (#15, #18 and #30) were used to get a
target end (final) coat weight of 10 gsm. Table 5.5 summarizes the coat weight
details for coatings samples generated.
Table 5.5 Coat weight summary for equal (1:1) P:B ratio coatings
Coating (Pigment,
Pore/Particle Size)

Coating
Solids

F1 (5A, 5A°/3-5 µ)
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F2 (Organophilic,
5.5-6A°/3-5 µ)
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F3 (13X, 10A°/2 µ)
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F4 (Fumed Silica, /10µ)
Modified F4 (Fumed
Silica, -/10µ)

24
16

Sample
Size (”)
6.5x6.5
8.5x12
6.5x6.5
8.5x12
6.5x6.5
8.5x12
6.5x6.5
8.5x12
6.5x6.5
8.5x12

Metering
Rod Used
#15
#18
#15
#30
#30+#15

Coat Weight (GSM)
Theoretical Actual ∆
10.63 0.4
10.98
11.74 0.8
10.30 2.9
13.17
11.36 1.8
10.84 0.1
10.98
11.22 0.2
10.39 6.1
16.46
11.53 4.9
11.35 5.1
16.46
11.86 4.6

A #15 metering rod produces approximately 34.29µm of solid coat film
(RD Specialties, Inc), which corresponds to a coat weight of 34.29 gsm using a
100% solids coating. Therefore, coatings at 32% solids using a #15 and #18
metering rod should theoretically produce a coat weight of 10.98 gsm and 13.17
gsm, respectively. Similarly, coating at 24% solids using a #30 metering rod
should theoretically produce a coat weight of 16.46 gsm.
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Coatings formulated using 5A and 13X synthetic zeolite pigments
produced coat weights within the experimental coat weight delta (∆) value of ±1.0
using a #10 metering rod. However, coatings formulated using organophilic
zeolite pigment and fumed silica pigment produced a lower coat weight than the
estimated value (theoretically) of approx. 10 gsm.
During laboratory drawdown preparation; bleeding (resulting from
deposition of pigment particles on the back of the coating blade) (Lehtinen, E.
2000) was observed when coating organophilic and fumed silica coatings; as
these pigment particles were deposited onto the metering rod and transferred to
the other end of the sample sheet. This inability to achieve required coat weight
and bleeding problem occurring when coating these formulations can be
associated with the poor water retention characteristics of the coating pigments.
This excessive water loss or dewatering phenomena occurring prior to rod or
blade doctoring for organophilic and fumed silica based coatings can result to
poor coater runnability and severely affect the final properties of the coated
paper.
Higher pigment aspect ratio; which is, “the tortuosity of the path by which
water is lost through the coating” of silica pigments due of their platy particles
significantly influence dewatering (Lehtinen, E. 2000). Similar dewatering
phenomenon was also observed for formulated fumed silica based coating at 15
% solids (Table 5.4). Modified fumed silica based coating due to its lower solids
(15%) was double coated using #30 metering rod followed by #15 metering rod
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to achieve the required coat weight of 10 gsm. Evaluating the coat weight delta
value for 6.5”X6.5” and 8.5”X12” coated samples; it was seen that the variation
between them were small. Significant cracks were also observed onto the
surface of the fumed silica based coated sheet (Figure 5.10).

5.6 The impact of synthetic zeolites pore and particle sizes on physical and
printability properties
For characterizing the physical and printability properties, laboratory
coated samples were tested for absorption, permeability, roughness, dynamic
contact angle, ink density, dusting and ink spreading measurements.

5.6.1 Absorption and air permeability measurements
The results of laboratory test measurements showing absorption rate, ink
hold out, ink strike through, brightness decline and air permeability for laboratory
coated samples are presented in Tables 5.6 and 5.7.
Table 5.6 Absorption characterization summary
Avg. Ink
Avg.
Average
Ink Strike
Holdout
Absorption
Brightness
Coating Formulation
Through
Area
Rate
Decline, σ
(mm2), σ
(mL/m2-s), σ
F1 (5A)
20.6, 1.93
1832, 164
No
5.1, 0.66
F2 (Organophilic)
18.4, 0.19
2044, 21.4
No
6.7, 0.71
F3 (13X)
19.6, 0.50
1913, 49.1
No
5.7, 0.38
F4 (Fumed Silica)
30.5, 1.00
1233, 40.5
Slight
8.7, 0.79
Modified F4 (Fumed Silica)
30.7, 0.90
1224, 36.7
Slight
8.7, 0.80
Epson *3 Benchmarking
26.9, 1.03
1394, 53.8
Slight
10.6, 0.22
Grade
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Table 5.7 Coated sample air permeability summary
Coating Formulation
F1 (5A)
F2 (Organophilic)
F3 (13X)
F4 (Fumed Silica)
Modified F4 (Fumed Silica)
Epson *3 Benchmarking Grade

Pigment
Pore Size
5A°
5.5/6A°
10A°
NA
NA
NA

Pigment
Particle
Size
3-5µ
3-5µ
2µ
10µ
10µ
NA

Avg. Air
Permeability
(µL/min)
8.00
3.00
5.00
327
263
288

St Dev.
(σ)
0.00
0.00
0.00
5.38
3.86
5.00

ANOVA’s General Linear Model (GLM) was run using the measured
responses in the Mini-Tab software. This GLM model assesses whether the
response variability of trial conditions are statistically different from the control
standard. Adjusted P-values, upper and lower limit values (with a confidence
interval of 95%) were generated for each trial condition in relation to the selected
control standard. An adjusted p-value less than 0.05 for the corresponding trail
sample indicates that at a 95% C.I, the trial condition is significantly different from
the control standard.
Synthetic zeolite coated samples due to their microporous nature
produced a relatively closed sheet in comparison to the fumed silica coated
samples and selected Epson*3 benchmarking grade (Table 5.7). According to
Xiang and Bousfield (1998), with an increase in pore aperture size of the coating
capillary there is a decrease in absorption rate. After running the ANOVA
General Linear Model (Table 5.8), no significant difference was found between
the 5A and 13X zeolite coated samples for the absorption, ink holdout and
brightness decline, which contradicts with the Xiang and Bousfield study.
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Microporosity of the synthetic zeolite coatings caused a significant decrease in
ink absorption rate due to their closed coating structure (Table 5.6). Zeolite
pigment formulated coatings also displayed a higher ink holdout area and no ink
strike through because of their poor absorption rate.
Table 5.8 ANOVA GLM summary for F1 (control) verses F3 (trial)
Test

Control

Trial

Absorption
Ink Hold Out
Brightness Decline
Air Permeability

F1 (5A)
F1 (5A)
F1 (5A)
F1 (5A)

F3 (13X)
F3 (13X)
F3 (13X)
F3 (13X)

Lower
Limit
-3.112
-69.70
-0.579
-9.850

Upper
Limit
1.112
231.2
1.879
3.854

95%C.I
-2.112
-150.5
-1.229
-6.852

Adjusted
P-value
0.5697
0.4574
0.4707
0.6362

Fumed silica coated samples demonstrated a significantly higher
absorption rate of 30.5 mL/m2-s in comparison with synthetic zeolite coated
samples as well as selected Epson*3 benchmarking grade. High absorption rate
for fumed silica based coatings may be due to the highly porous platy nature of
individual fumed silica particles which lie on top and next to each other; creating
ample microscopic voids (fractures) for rapid ink absorption. These fractures in
between the silica pigments have a high tendency to absorb ink and therefore a
reduced ink holdout. Ink strike through was observed for fumed silica coated and
benchmarking grade samples. Brightness decline measurement validates the ink
strike through occurring for fumed silica and benchmarking grade, which
displayed high brightness decline values.
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From these results, the researcher found that inter-particle voids (macroporosity) may have a significant influence on ink absorption rate than the particle
pore (micro-pores) sizes.

5.6.2 Dynamic contact angle measurement
The dynamic contact angle for water was measured over five seconds
using the multi frame capture function available on the Ramé-hart standard
goniometer.

Figure 5.7 Relation of dynamic contact angle and time for different coating
formulated samples
Figure 5.7 shows the relation of dynamic contact angle verses time for
different coatings formulated coated samples studied. Synthetic zeolites coated
samples exhibited significantly higher contact angle than the fumed silica coated
and selected benchmarking grade samples. Dynamic contact angle for 5A and
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13X synthetic zeolite coated samples drastically decreased by 25 percent within
three seconds followed by reaching saturation. This saturation in contact angle
was due to the low permeability and poor absorption characteristics of synthetic
zeolite coated samples. As the contact angle decreased steadily over the five
second time frame; increased wettability was observed for all the synthetic
zeolite and fumed silica coated samples as well as selected benchmarking
grade. The minute surface fractures were also observed for the fumed silica
based coated samples (Figure 5.10), which can be seen to cause lower initial
contact angle. The researcher found that synthetic zeolite coated samples due to
their higher contact angle and closed surface structure have poor wettability in
comparison to the fumed silica and Epson*3 grade samples.

5.6.3 Printability measurement
The benchmarking grade showed the maximum ink density of 1.91
whereas all other coated samples displayed in a close range of 1.61±0.1 (Table
5.9).
Table 5.9 Ink density summary for coated samples
Coating Formulation
F1 (5A, 5A°, 3-5 µ)
F2 (Organophilic, 5.5/6A°, 3-5 µ)
F3 (13X, 10A°, 2 µ)
F4 (Fumed Silica, - , 10µ)
Modified F4 (Fumed Silica, - , 10µ)
Epson *3 Benchmarking Grade

Ink Density (Avg.)
1.61
1.45
1.68
1.65
1.68
1.91
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St. Dev. (σ)
0.01
0.06
0.03
0.03
0.02
0.01

A setback was observed for organophilic coated samples which displayed
a reduced average ink density in comparison with the synthetic zeolite coated
samples. This was because of the higher ink trace (holdout) area obtained for
organophilic coated samples thereby causing a reduction in average ink density.
Table 5.10 Rate of change in ink spread (percentage) for coated samples
Time
(sec)

F1
(5A)
0.00
3.56
7.68
28.2
37.0
42.6
45.4

1
5
10
15
20
25
30
Drying
Time

21 s

Rate of Change in Ink Spread (Percentage)
F2
F3
F4 (Fumed MF4 (Fumed
(Organophilic) (13X)
Silica)
Silica)
0.00
0.00
0.00
0.00
3.88
3.17
19.1
37.5
4.58
5.09
21.4
41.2
5.77
10.5
23.2
45.7
10.2
15.6
23.9
46.6
12.8
18.0
25.5
49.3
26.9
22.2
26.9
52.0
>30 s

24 s

6.3 s

11 s

Epson
*3
0.00
28.9
33.6
34.6
35.7
40.7
43.8
11.6 s

Rate of change in ink spread (as percentage) over time is illustrated in
Table 5.10 and in Figures 5.8 and 5.9. Over a short time span (up to 10 seconds)
synthetic zeolite coated samples displayed a minimum rate of ink spread in
comparison to fumed silica based coated and selected benchmarking grade
samples. This was due to the poor absorption rate, closed surface structure and
poorer wettability of synthetic zeolite based coated samples, which caused the
ink drop to reside on top of the coated surface with minimum spreading. Fumed
silica coated samples displayed a rapid ink spread due to the minute surface
fractures,

better

wettability

and

high

absorption

properties.

Selected

benchmarking grade demonstrated wider ink spread similar to the fumed silica
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based coated samples, thus suggesting usage of some sort of silica pigment in
its surface coating formulation.

Figure 5.8 Relation of rate of change in ink spread as a function of
time for Zeolite pigment coated samples

Figure 5.9 Relation of rate of change in ink spread as a function of
time for fumed silica pigment coated test samples and
benchmarking grade
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For characterizing ink drying, the time at which the ink glare vanishes
(illustrated by circles in Figure 5.7 and 5.8) was noted. Poor absorption rate and
minimum ink spread for the synthetic zeolite coated samples resulted in longer
ink drying (>21s), whereas high absorption rate and minute surface fractures
caused faster ink drying (<12s) for fumed silica coated samples and selected
benchmarking grade.

5.6.4 Dusting measurement
The dusting measurement test results for the various coated samples are
listed in Figure 5.11.
Table 5.11 Summary of dusting characterization
Coating Formulation

%
Solids
32

Color
∆E
14.8

Brightness
Improve
8.76

F2 (Organophilic, 5.5/6A°, 35µ)
F3 (13X, 10A°, 2 µ)

32

4.43

2.15

32

21.1

14.3

F4 (Fumed Silica, - , 10µ)

24

47.7

55.9

Modified F4 (Fumed Silica, , 10µ)
Epson *3 Benchmarking
Grade

16

47.6

55.8

NA

10.3

5.59

F1 (5A, 5A°, 3-5 µ)

Dusting Index
Value(DIV) #
4.0 (Sufficient
Dusting)
2.0 (Negligible
Dusting)
4.0 (Sufficient
Dusting)
5.0 (Extreme
Dusting)
5.0 (Extreme
Dusting)
3.0 (Acceptable
Dusting)

Organophilic coated sample displayed a least dusting index value (DIV) in
comparison to selected benchmarking grade with a ∆E of 4.43. This indicates an
existence of excellent bonding present between the organophilic pigments and
with respect to the base paper surface at the selected 1:1 pigment to binder ratio
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formulation and binder concentration. The other two synthetic zeolite pigments
(5A and 13X) coated samples displayed significant higher DIV# of 4.0 (Figure
5.11). Epson*3 benchmarking grade exhibited an acceptable dusting index value
of 3.0. Both coated samples using fumed silica pigments displayed a poor
coating adhesion with a highest DIV# of 5.0. This high DIV# can be associated
with unsuitable binder usage for formulating fumed silica coatings (F4 and MF4),
resulting in easy removal of the individual fumed silica particles when rubbed.
During the coating drawdown sample preparation, synthetic zeolite coated
samples were found to have rough surface in comparison to the fumed silica
based coated samples. For characterizing roughness properties, these samples
were tested on the Parker Print-Surf roughness tester. Table 5.12 summarizes
the roughness measurement result for the various coated samples.
Table 5.12 Summary for roughness measurement
Coating Formulation
F1 (5A, 5A°, 3-5 µ)
F2 (Organophilic, 5.5/6A°, 3-5 µ)
F3 (13X, 10A°, 2 µ)
F4 (Fumed Silica, - , 10µ)
Modified F4 (Fumed Silica, - , 10µ)
Epson *3 Benchmarking Grade

Avg. Roughness
%
(µL)
Solids
8.20
32
6.86
32
32
7.96
4.19
24
5.83
16
NA
5.63

Roughness
Std. Dev (σ)
0.02
0.03
0.09
0.12
0.08
0.09

Coated samples with synthetic zeolite pigments were found to have a
significant roughness of 7.25±1µL in comparison to the other coated grades.
Notice that the fumed silica coated samples had a much smoother surface with
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the lowest roughness value of 4.19µL. This is due to the stacking nature of the
platy silica particles resulting in three dimensional stacks of silica pigments.
The surface topology images for various coated samples taken under high
magnification (2000X) microscope are presented in Figures 5.10. Notice the
minute fractures/cracks for fumed silica coated samples. This validates the
presence of ample microscopic voids due of the intrinsic platy stacking nature of
fumed silica particles; resulting in a high absorption and comparatively open
coated sheet.
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Chapter 6
Conclusion

The objective of this research was to investigate the synthetic zeolite
pigment (pore and particle size) effects on absorption, dynamic contact angle
and printability in an inkjet receptive coating. These microporous synthetic zeolite
pigments were also investigated as potential substitutes to replace fumed silica
pigments in an inkjet receptive coating.
Out of the three synthetic zeolite pigments considered, organophilic
pigments indicated better dispersion properties (with no flocculation occurring) at
high slurry concentrations; in comparison to other zeolite pigments and the
reference fumed silica. Each coating formulated using synthetic zeolite pigments
depicted a stable and Newtonian flow behavior with relatively lower apparent
viscosity. The higher solids (32.4%) and better rheological stability of synthetic
zeolite formulated coatings in comparison to the lower solids (25.5%) and super
viscous nature of fumed silica coatings suggests high speed coating possible (at
relatively lower drying energy) using these synthetic zeolite coatings. It is
noteworthy to point out that, organophilic and fumed silica based coatings have
poor water retention properties; which can lead to poor coater runnability.
Microporous nature of synthetic zeolite pigments produced a significantly
closed sheet resulting in poor ink absorption, in comparison to the fumed silica
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samples and Epson*3 benchmarking grade. This closed surface nature of
synthetic zeolite formulated coatings resulted in higher ink holdout with no ink
strike through effect. Dynamic contact angle and printability results indicate that
synthetic zeolite coated samples are characterized with poor wettability,
minimum ink spread and accelerated ink drying in comparison to the fumed silica
coated samples and Epson*3 grade. In addition to this, significant differences
were not found in between the 5A and 13X coated samples for ink absorption, ink
hold out and brightness decline, thus contradicting the Xiang and Bousfield study
that pore aperture size of the coating capillaries determines the absorption rate.
After characterizing the absorption, dynamic contact angle and printability
measurements for single pigment formulated coated samples, it may be
concluded that inter-particle voids (macro-porosity) have a significant influence
on ink absorption than the particle pore (micro-pores) size distribution. Synthetic
zeolite pigments due to their poor absorption, reduced wettability, and
accelerated ink drying; failed to replace the fumed silica pigments in a
conventional inkjet receptive coating.

Recommendations for future research
Commercial inkjet coating designs are much more complex and may
contain as many as five different coating components; in comparison to the
simple single pigment coating formulation designed for this thesis. Small binder
evaluation studies can be carried out to identify optimum binder level for coatings
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with minimum dusting. Modifications in coating design using thickening additives
(Carboxy Methyl Cellulose, CMC) can be carried out to control resulting coating
dewatering nature. Complex DOE’s can be designed to investigate similar or
other microporous synthetic zeolites pigments as potential substitutes in
commercial inkjet coatings.
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Appendix A

Estimated percentage solids formula:

Coat weight (g/m2) formula:

Note: Multiplication factor was found to be 36 for 6.56”x6.56” size sample and
16.577 for 12”x18” size sample respectively.

Absorption rate formula:
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Appendix B

Table 5.1 Summary of binder component rheology properties
Binder

Slope
R2 value
0.1728
17.28
0.0373
96.17
-0.1387
62.32
0.0119
51.81

80%
partially
hydrolyzed
PVOH

Concentration
10 parts
20 parts
30 parts
40 parts

Viscosity @ 100 RPM
10.30 cP
45.80 cP
249.20 cP
580.80 cP

87-89%
partially
hydrolyzed
PVOH

10 parts
20 parts
30 parts
40 parts

28.30 cP
192.90 cP
830.40 cP
>8676.00 cP

0.0094
0.0264
-0.0060
-0.0058

68.66
63.17
84.35
90.00

10 parts
20 parts
30 parts
40 parts
10 parts
20 parts
30 parts
40 parts

14.60 cP
101.70 cP
846.00 cP
>9228.00 cP
3540.00 cP
>22260.00 cP
>22260.00 cP
>22260.00 cP

0.0349
0.0133
-0.1469
-0.1344
-0.0268
-0.0831
NA
NA

10.42
80.97
98.86
99.97
88.61
100.00
NA
NA

98% fully
hydrolyzed
PVOH
99+% super
hydrolyzed
PVOH
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